Micromechanisms of damage initiation and crack growth in high speed and cold work steels are investigated using scanning electron microscopy in situ experiments. The role of primary carbides in initiation and growth of cracks in tool steels is clarified. It is shown that initial microcracks in the steels are formed in primary carbides and then join together. A hierarchical finite element model of damage initiation, which included a macroscopic model of the deformation of the specimen under real experimental conditions and a mesomechanical model of damage in real microstructures of steels, was developed. Using the hierarchical model, the conditions of local failure in the steels have been obtained. In order to study the effect of carbide arrangement on fracture, numerical simulations of fracture in steels with different ideal carbide arrangements were carried out and compared with each other. It is found that the heterogeneous arrangements of primary carbides can lead to strong deviations of a crack from the mode I path and, therefore, to a significant increase of the fracture energy of the steels. 
Introduction
The improvement of service properties of tool steels presents an important source of increasing the efficiency of metalworking industry. In order to develop a numerical model of damage or fracture in the steel, which should serve to predict the lifetime, or to improve the properties, one needs to know the mechanisms of damage and fracture in the steels [1] [2] [3] [4] . The direct in situ observation of the fracture mechanisms of the steels under a microscope is quite difficult as compared with the case of more ductile . materials, since the material fails abruptly. Then, not only qualitative parameters of fracture (like its mechanisms) but also quantitative ones (like critical damage parameters) are of interest.
The purpose of this work was to study the mechanisms and conditions of damage initiation and growth in the tool steels both qualitatively and quantitatively. The work includes the following steps:
• Scanning electron microscopy (SEM) in situ experiments on 3-point bending of specimens with inclined notches.
• Finite element (FE) simulation of the deformation of the specimens on macro-and mesolevel, taking into account the real microstructure of the steels observed in the SEM -experiments.
• Numerical analysis of the effect of the arrangement of primary carbides in the tool steels on the fracture behaVIOr.
Micromechanisms of damage initiation in tool steels
The mechanisms of local failure and critical values for failure of the constituents of the steel have been determined. The constitutive law and elastic constants of the steel con- stituents are already known from literature and from our previous investigations [3, 4, 6] . The analysis of the mechanisms of damage initiation in the tool steels includes SEM in situ experiments and FE simulation of the deformation of the specimens on macro-and meso level. The SEM in situ observation of the damage initiation seeks to c1arify the micromechanisms of damage initiation, whereas the hierarchical finite element model (macro-and mesomodel) is applied to determine the failure conditions for steel constituents using the real loading conditions and real microstructures of the steel. In order to c1arify the mechanisms of damage initiation and growth in the steels, aseries of SEM in situ experiments was carried out. 3-point bending specimens with an inclined notch, as described in [5] , were used in these tests. These specimens allow to observe the micro-and mesoprocesses of local deformation and failure of carbides and the matrix of steels during loading of macroscopic specimens in the SEM. The shape of the specimens is shown schematically in Fig. 1a . A photograph of the specimen under loading is given in Fig. 1b . The advantage of the specimen with the inclined notch is that the most probable location of first microcrack initiation in the specimen notch can be simply predicted (which is not the case in the conventional 3-point bending specimens). Therefore, one can observe this location with high magnification during loading and identify very exactly the load and the point in time at which the first microcracks form.
Specimens made from the cold work steel X155CrVMo12-1 (in further text denoted as KA) and the high speed steel HS6-5-2 (denoted as HS) have been used. In the experiments, the specimens with different orientations of primary carbide layers were studied. Since the tool steels are produced in the form of round sampIes and because they were subject to hot reduction after austenitization and quenching, they are anisotropic: the carbide layers are oriented typically along the axis of the cylinder (this is the direction of hot reduction). Therefore, the following designation of the specimen orientation was used: L -the direction along the carbide layers, R -radial direction in the workpiece, C -the direction along the workpiece axis. In the experiments, specimens with orientations CL (the specimen is oriented along the carbide layers; the observed area is oriented along to the ingot axis), LC (the specimen is oriented along the round ingot axis) and CR (the specimen is oriented along the carbide layers; the observed area is oriented normally to the ingot axis) have been used. The specimens have been subjected to the heat treatment (hardening at 1070°C in vacuum and tempering 2 h at 510 0c), and then polished with the use of the diamond pastes till the roughness Rz of the surface of the specimens does not exceed 311m. The notch region of the specimens was etched 2 with 3 and 10 % HN03 until the carbides were c1early seen on the surface. The force-displacement curves were recorded during the tests. The loading was carried out in small steps, with a rate of loading of about 1 mmJs. The places in the specimen notch where microcrack initiation was expected have been observed through SEM during the tests. It was observed that the first microcracks formed only in the primary carbides, and not in the "matrix" of the steel. Also, no microcrack along the carbide/matrix interface was observed in the tests. The forces at which the failure of primary carbides was observed in each specimen are given in Table 1 . Fig. 2 shows SEM micrographs of a typical primary carbide in the notch region of steels before and after failure. Since the picture were taken frontal and the specimens used were with the inclined notch, the magnifications of micrographs in xand y-directions in Fig. 2 are different. In some carbides, multiple cracking was observed as weil (see Fig. 3 ). Generally, the course of failure of the specimens was as folIows: 1. Formation of a microcrack at some carbide. 2. Formation of several microcracks at many carbides at different locations of the observed area (in so doing, the microcracks are formed rather at larger carbides at some distance from the boundary of the specimen, than in more strained macroscopically areas in the vicinity of the lower boundary of the specimen; the local fIuctuations of stresses caused by the carbides have evidently much more infIuence on microcracking than the macroscopic stress field). 3. After the failure of many carbides, the microcracks (or plastic zones in front of the microcracks) begin to grow into the matrix; just after this occurs, the specimens fai!. The failure of many carbides was observed just before the specimens failed. Fig. 4 shows a segment of the loaded area with many failed carbides.
Condition of failure of primary carbides in tool steels
To simulate the deformation of 3-point bending specimens with inclined notch, a three-dimensional (3D) FE model of Z. Metallkd. 94 (2003) 6 the specimen was developed. The forces measured in the tests described above were applied in the simulations. The displacements from the boundary nodes of elements which are located in the vicinity of the symmetry plane and at the lower notch boundary (Fig. 1 ) are used as boundary conditions in the micromechanical simulation of carbide failure. Then, the two-dimensional (2D) rnicromechanical simulations of carbide failure have been carried out for each microstructure and each load, measured in the experiments: a 2D model was created, which represents the cut-out at the notch region of the specimen. The real structure region of the micromodel contains 5000 elements of the plane strain type TRIP 6 and size 100 l!m x 100 11mand is placed in the lower left corner of the macroscopic 3-point bending model, where the carbide was observed experimentally. As boundary conditions the displacements from the model of deformation of 3-point bending specimen were taken. Since the mesh density in the 2D case is higher, the calculated displacements have been linearly interpolated between the points which were available in the 3D simulation. The micromechanical simulation was performed with the use of the multiphase element method [8] [9] [10] [11] . The micrograph of the carbide, obtained in SEM in situ experiments was digitized and then automatically imposed on the region of the real structure. The rnicrographs to be digitized were chosen in such a way that they were representative enough for the given materials. Due to the inclined notch surface, the micrographs in Fig. 2 have different scales in x-and y-directions. To take that into account, the micrographs were scaled with the use of the image analysis software XView accordingly to their scales in both directions. The properties of carbide and matrix are as follows [3 -6] Fig. 5 gives the distribution of von Mises stress in the real microstructure of the cold work steel at the loads at which the carbide failed. Supposing that failure of the carbides is determined by the action of maximal normal stresses, one obtains the failure stresses of carbides for different steels and orientations (see Table 2 ).
The initial microcracks in the steels are formed within primary carbides (i. e., not along the carbide/matrix interface and not in the matrix). For our further simulation, this means that we can use the multi phase element method. The main input data for the simulation (i. e., the carbide failure condition) was determined with the use of the combined SEM in situ and FE model approach.
Effect of the arrangement of primary carbides on the fracture resistance of tool steels
As a result of the analysis above, we know the mechanical properties of the constituents of the steel. Then, we seek to study the effect of the arrangement of the primary carbides in tool steels on the fracture behavior of the steels. To do this, we carry out aseries of finite element simulations of crack propagation in tool steels with the mechanical properties determined above. Different arrangements of the primary carbides are designed using graphics software, and included into mesomechanical FE models (with carbides as "black" regions and "matrix" as white area). In the simulations, two approaches were used both to take into account the microstructure and to simulate the crack propagation: multi phase finite elements (with "fuzzy" interface between carbides and matrix) (for "simple" microstructures, see Figs.6a-d) and traditional single-phase elements (the interface corresponds to the boundaries of the bodies of FE model and to the element boundaries) for "complex" microstructures, (see Figs. 6-f), as well as the element elimination and softening techniques. As demonstrated in [10] , the methods are fully compatible and give the same results with respect to the crack path, fracture energy and crack roughness, when applied in equivalent cases. Fig. 7 gives the scheme of the model of a short rod fracture specimen. The area with carbides (100 J-lmx 100 J-lm) was placed near the notch in the model, and contained 5000 finite elements (6-node triangular elements, with full integration). The size of the model is 500 J-lm(length) x 300 J-lm(height). The distance between the right lower corner and the notch tip amounted 300 J-lm(length) x 150 J-lm. We consider here the cold work steel and use the properties for the steel as obtained above.
As criteria for the element elimination, the critical values of failure stress (for carbides) and plastic strain (for matrix) were used. The criterion of element elimination in the matrix was determined on the basis of available knowledge about the micromechanisms of fracture of steel matrix. Any damage criteria based on void growth seemed inapplicable in this case due to the mainly brittle macro-behaviour of the matrix. Yet, during SEM in situ experiments, some plastic deformation has been observed at the microlevel (which, however, is quickly followed by the failure of specimens). Thus, we chose the critical plastic strain as a criterion of the element elimination in the matrix. As follows from the SEM in situ experiments described above, the critical plastic strain in the matrix of the steels should be very low. The critical plastic strain value was determined with the use of the numerical experiment technique [8, 10] . At the level of critical plastic strain Gphc = 0.1 %, the small crack increment in the matrix is followed by failure of a carbide in the vicinity of the crack tip, as observed, while e. g. for Gp"c = 0.05 % delayed crack growth occurs.
The following arrangements of carbides were considered: random, net-like (typical for the as-cast state), bandIike (typical for the hot formed steels), layered (one half of the microstructure area is filled with randomly distributed small carbides and another half is filled with large carbides) and clustered arrangements (see Fig. 6 ). In the cases of netIike, band-like, clustered and random arrangements, two types of each microstructure were taken: a fine one with carbide size of 2.5 11m(200 carbides in the area) and a coarse one with carbide size of 3.6 J-lm(100 carbides in the area). In the case of layered arrangement of carbides, both small and large carbides were combined in one and the same microstructure. The surface area content (in this case, volume content) of the primary carbides was taken to be 10 %. Three types of layered arrangements were considered in the simulations, which differ by their orientation relative to the assumed mode-I crack path: (1) Large-small case (or L->S) -a crack propagates first through the part with large carbides, goes through the "interface" (perpendicular to the "interface") and propagates further through the part with small carbides, (2) reverse case (S->L): first, small particle area, then large particle area, and (3) mode-I crack propagates along the "interface" (L/S). For all the simulations, the force-displacement curves were determined numerically. Table 3 gives the nominal specific energy G of the formation of a unit of new surface for the different arrangements of the primary carbides. This value characterizes the fracture resistance of each of the structures, and was caIculated on the basis of the force-displacement curves as folIows: G =~i (Pju;)/LRS, where Pi is the force for each loading step, Jli is the displacement for each loading step, and LRS is the size of the real microstructure area (100 Ilm). The summation is carried out for allioading steps until the crack passes the real microstructure [10] . Fig. 8 gives two examples of the simulated crack path: a curved/ zigzagged, highly energy-consuming crack path in the netlike arrangement of small carbides, and a straightforward, low energy consuming crack path in the band-like microstructure. As parameters of the deviations from the mode-I crack path, we considered the maximum height of the roughness peak Rmax. Rmax was caIculated from the crack profile as the distance between highest and lowest points of the crack path measured perpendicularly to the initial crack direction (horizontal) [13] . Table 3 gives the values of Rmax for the considered ideal microstructures. It can be seen from Table 3 that the microstructures which lead to the strong crack deviations (i. e., higher RmaJ ensure rat her high fracture resistance. The strong crack path deviations from its initial direction increase the real crack length (i. e., energy consumption in fracture) without increasing the stress intensity factor K[ [13] [14] . One may note that more complex microstructures (like clustered or layered) ensure always higher fracture resistance than the simple symmetrie microstructures. The one exception to this rule is the net-like fine microstructure, which forces the crack to follow the carbide network, ensuring the highest fracture resistance, even higher than all the complex nllcrostructures. However, such a mechanism of toughening is unstable: the net-like coarse microstructure (with larger cells) gives very low fracture toughness, since the crack does not follow the carbide network, but just goes through it.
From the investigations one can conclude that the complex (cluster and gradient) microstructures have a great potential for improving the fracture toughness of tool steels.
ConcIusions
The mechanisms of damage initiation and growth in tool steels were investigated and the role of primary carbides in damage and fracture of the steels was clarified.
The experimentally observed course of damage evolution in the steels was as folIows: One microcrack appears in a carbide, then several microcracks appear in other carbides at different locations of the observed area. In so doing, the microcracks are formed rather at larger carbides at some distance from the boundary of the specimen, than in the macroscopically more strained areas in the vicinity of the lower boundary of the specimen. The local fluctuations of stresses caused by the carbides have evidently much more influence on the microcracking than the macroscopic stress field). Finally, after the failure of many carbides, the microcracks (as weil as plastic zones in front of the microcracks) begin to grow into the matrix; just after this occurs, the specimens fai!. The initial microcracks in the steels are formed in primary carbides (i. e., not along the carbide/matrix interface and not in the matrix). The investigations of the role of the primary carbide arrangements in crack growth allow to draw the conclusions that microstructures which lead to strong deviations from the mode I crack path (for "complex" arrangements of the carbides, like clustered and layered ones) ensure rather high fracture resistances. 
